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Abstract 
Understanding the energy transport by charge carriers and phonons in two-dimensional (2D) 
van der Waals heterostructures is essential for the development of future energy-efficient 2D nano-
electronics. Here, we performed in situ spatially resolved Raman thermometry on an electrically 
biased graphene channel and its hBN substrate to study the energy dissipation mechanism in gra-
phene/hBN heterostructures. By comparing the temperature profile along the biased graphene 
channel with that along the hBN substrate, we found that the thermal boundary resistance between 
the graphene and hBN was in the range of (1 - 2) × 10−7 m2KW-1 from ~100 °C to the onset of 
graphene break-down at ~600 °C in air. Consideration of an electro-thermal transport model to-
gether with the Raman thermometry conducted in air showed that local doping occurred under a 
2 
strong electric field played a crucial role in the energy dissipation of the graphene/hBN device up 
to T ~ 600 °C. 
Keywords: Raman thermometry, graphene/hBN heterojunction, power dissipation, local doping 
effect, thermal boundary resistance 
 
Introduction 
The development of two-dimensional (2D) heterostructures composed of graphene, hexag-
onal boron nitride (hBN) and transition metal dichalcogenides (TMDCs) has opened a new avenue 
beyond the current Si-based electronics. The presence of van der Waals (vdW) interactions be-
tween layers of 2D atomic crystals can be used in designing novel electronic, optoelectronic and 
photonic devices by enabling the manufacturer to control the thickness of the device on the atomic 
scale and to stack different 2D crystals in diverse ways.1,2,3,4,5 To fully understand the operating 
mechanism of devices made of vdW heterostructures, it is crucial to study how heat is generated 
and dissipated in these devices, and how such generation and dissipation are affected by the 
transport of hot charge carriers and phonons through the different 2D layers. For example, the 
energy-relaxation process of photo-excited hot carriers has been studied in various vdW hetero-
structures such as MoS2/WS2, graphene/hBN/graphene and graphene/semiconducting TMDC/gra-
phene.6,7,8 Furthermore, the phonon transport through the vdW heterostructures has been studied 
in terms of the thermal boundary resistance (TBR) between dissimilar 2D materials.9,10 
To develop energy-efficient 2D electronics, both electric transport and energy transport 
should be considered simultaneously in order to understand more comprehensively the role of the 
energy dissipation in the vdW heterostructures. While heat management has been extensively stud-
ied in conventional Si devices, III-V semiconductor-based heterostructures11 and graphene (or 
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MoS2)/SiO2 devices,12,13  the study of the mechanism of energy dissipation in 2D vdW heterostruc-
tures is still in its infancy. For a graphene/hBN device, for example, since the power density per 
unit length along the graphene channel under a high bias is not uniform, one needs to measure 
temperature (T) profiles of both graphene and hBN together with carrying out proper numerical 
electro-thermal transport calculations in order to fully investigate the genuine role of energy dissi-
pation in the vdW-heterostructure devices. 
In this study, we performed spatially resolved Raman thermometry on biased gra-
phene/hBN heterostructure devices in air to investigate the energy dissipation in the vdW hetero-
structure (see Figure 1a). The measured temperature of the hBN (TBN) underneath an operating 
graphene field-effect transistor (FET) with a channel length (L) of 26 μm agreed well with the 
TBN estimated by an analytical calculation for TBN ≤ 100 °C. Furthermore, to explore power dis-
sipation in an extreme case, we carried out studies in which we approached the break-down T of 
graphene (~600 °C) in air with a relatively short, L = 5 μm,  graphene device. By comparing the 
temperature profile along a biased graphene channel (TGR) with that along the hBN substrate, we 
found RGB to be in the range (1 - 2) × 10-7 m2KW-1 for T = 100 - 600 °C. Also, by performing Ra-
man thermometry together with numerical calculations using an electro-thermal transport model, 
we showed that the local doping under a high-field transport limit significantly affected the en-
ergy dissipation in the graphene channel on hBN for the entire T range examined. 
 
Results and Discussions 
To realize a graphene device on an hBN layer, we placed mechanically exfoliated hBN 
flakes on top of a 90-nm-thick SiO2/Si substrate. Then, onto a selected 80-nm-thick hBN flake 
(Supporting Information, Figure S1), we placed a single layer of graphene using a transfer 
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method.14 We then used electron-beam lithography to deposit metal electrodes (Cr (5 nm)/Au (95 
nm)) for the source and drain.  For the electrical measurements, the highly p-doped Si substrate 
was used as an electrode to apply a back-gate voltage (Vbg). Figure 1b shows an optical micro-
scope image of the completed device with a channel length (L) of 26 μm and width (W) of 6 μm, 
where ‘S’ and ‘D’ mark the locations of the source and drain, respectively. The mobility of 
charge carriers in the graphene was measured to be ~7000 cm2V-1s-1 based on the fit of the re-
sistance vs. Vbg curve (Supporting Information, section 1). For the Raman thermometry, we per-
formed the T calibration process using a laser beam with an excitation wavelength of 633 nm.9,15 
For this device, the intensities of the G and 2D peaks were not sufficiently strong to define the 
energy values through the graphene channel (Supporting Information, Figure S3). Thus, we ob-
tained the experimental TBN map from the hBN substrate based on the E2g phonon energy of hBN 
beneath the graphene channel for a case of this device. The dependence of the E2g phonon energy 
of hBN on T was determined by heating the graphene/hBN FET device on a hot plate, which 
gave a slope, SBN, of −0.0218 cm−1/°C (Supporting Information, Figure S4a). We also confirmed 
that the 633-nm- wavelength laser did not result in any significant photo-induced doping of the 
graphene channel on hBN16 (Supporting Information, section 2). In all of hBN thermometry ex-
periments, we did not apply a finite Vbg. 
Figure 1c shows the representative Raman spectra of the hBN underneath the graphene FET 
at Vsd = 0, 10, −10, 15 and −15 V, which were recorded at the middle of the channel. The dashed 
vertical line indicates the location of the E2g phonon energy at Vsd = 0 V. For finite Vsd, the E2g 
phonon energy showed a red-shift behavior. For example, the E2g phonon energy shifted downward 
from 1366.22 to 1364.55 cm−1 when Vsd was changed from zero to −15 V, where the peak energies 
were obtained from the Lorentzian fit as shown by the red curves on the Raman spectra. From the 
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value of SBN indicated above and the 22.4 °C value of the ambient T, T0, we estimated the TBN at 
the middle of the channel to be ~100 °C at Vsd = 15 V based on a relation of  𝑇 = 𝑇0 +
(𝜔BN−𝜔BN
0 )/𝑆BN, where 𝜔BN
0  and 𝜔BN are the E2g energies of the hBN at zero and finite Vsd, re-
spectively. Based on this process, we produced maps, with pixel dimensions of 1 × 1 μm2, of the 
TBN underneath the graphene channel for various Vsd values (Figure 1d) by scanning the laser beam 
over the entire graphene channel. Figure S5 in Supporting Information shows E2g-energy maps of 
the hBN underneath the graphene channel at corresponding Vsd values including the zero bias con-
dition. The average T of the entire hBN area underneath the graphene channel was found to in-
crease with increasing Vsd, i.e., to 43.2 °C (47.7 °C) and 76.4 °C (92.3 °C) at Vsd = 10 (−10) and 
15 (−15) V, respectively. Interestingly, the left side was hotter than the right side with a difference 
of ~30 °C at Vsd = 15 V, in contrast to a nearly homogeneous T distribution through the entire hBN 
channel at Vsd = −15 V, and this issue is discussed below. 
For a detailed analysis, we plotted, as shown in Figure 2a-d, profiles of TBN (triangles or solid 
circles) along the hBN beneath the graphene channel at Vsd = 10, −10, 15 and −15 V, respectively, 
where the TBN shown at each indicated x position was calculated as the average of the T values 
over the y axis in Figure 1d. The average TBN showed relatively similar values of ~45 °C and 
~50 °C for Vsd = 10 V and −10 V (see Figure 2a,b), respectively, but rather dissimilar values of  
~81 °C and ~96 °C for Vsd = 15 and −15 V (see Figure 2c,d), respectively. To gain insight into the 
measured T values for graphene and hBN, we analytically calculated T values based on the sche-
matic shown in Figure 2e. In the steady state, the average T of the graphene (TAG) for a given 
electrical power (P) was calculated from the total thermal resistance (Rtot) from the graphene to 
the heat sink of the Si substrate according to the equation 
 𝑇AG = 𝑅tot𝑃 + 𝑇0                                                                 (1) 
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, where 𝑅tot =
𝑅GB
𝐿𝑊
+ 𝑅𝐵𝑁 +
𝑅BO
𝐿𝑊
+ 𝑅ox+
𝑅OS
𝐿𝑊
+ 𝑅Si. RGB (~1.35×10
-7 m2KW−1) 9, RBO (~2.2×10
-8 
m2KW−1),17 and ROS (~10
-8 m2KW−1) 18 are the TBRs between graphene and hBN, hBN and SiO2, 
and SiO2 and Si, respectively. RBN ( = 𝑡𝐵𝑁/(𝑘𝐵𝑁
┴ 𝐿𝑊) ), Rox ( = 𝑡ox/(𝑘ox𝐿𝑊) ), and RSi ( =
1/(2𝑘Si√𝐿𝑊)) are the thermal resistances of the hBN, SiO2 and Si substrate, respectively.
12 
Here, 𝑘BN
┴  (~3 Wm-1K-1), 𝑘ox (~1.3 Wm
-1K-1) and 𝑘Si (~50 Wm
-1K-1) are the thermal conductivi-
ties of hBN (out-of-plane),19 SiO2 and the highly doped Si, respectively.
12 We obtained Rtot ~ 2480 
K/W, resulting in a TAG of ~ 63.8 °C with a P (= IVsd  I2Rs) of ~ 16.7 mW at Vsd = ±10 V, and 
with Rs (= 950 Ω) being the series resistance. At Vsd = ±15 V with a P of ~ 38 mW, we obtained a 
TAG of ~ 116 °C. Then, we estimated the T drop through the interface between graphene and hBN, 
using the relationship 𝛥𝑇GB = 𝑃𝑅GB/(𝐿𝑊), to be ~14.5 and ~32.8 °C, resulting in ~ 49 and ~83 °C 
values for TBN, at Vsd = ±10 V and ±15 V, respectively.  The analytically calculated TBN values for 
Vsd = 10, 10 and 15 V, as shown by the dashed horizontal black lines in Figure 2a-c, respectively, 
were found to be consistent with the corresponding measured TBN values (solid triangles or solid 
circles) as shown by the dashed horizontal black lines in these figures. 
The averaged measured T values of hBN at Vsd = −15 V, however, as shown by the solid 
circles in Figure 2d were found to be as much as ~13 °C greater than the analytically estimated 
values (dashed horizontal line). We attributed this difference to a local doping under the condition 
of high-field transport with a relatively high Vsd value. For graphene on a SiO2 substrate, a locally 
high electric field has been shown to induce trapped charges in SiO2 near the interface between 
graphene and SiO2, and to hence result in the local doping
20. The local doping was itself be mani-
fested by the appearance of another new local resistance maximum aside from the original local 
resistance maximum observed at the charge neutral gate voltage (Vg0) in the R-Vbg curves. In the 
case of graphene on hBN, there was only one local resistance maximum at Vg0 ~ 13 V in the 
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beginning of the thermometry experiment as shown in Figure 3a. After applying a Vsd of 10 V for 
the Raman thermometry, however, an additional local resistance maximum at Vbg ~ 0 V appeared 
(see a blue curve in Figure 3b). Then, it disappeared after applying a Vsd of −10 V and was again 
observed after applying a Vsd of 15 V (see blue curves in Figure 3c,d). Thus, we concluded that 
there was a local doping caused by the locally high field in the graphene on the hBN layer, as has 
previously been observed for graphene on SiO2 layer. 
The −10 μm < x < 3 μm region of the channel was measured to be hotter than the other 
regions when the Vsd was 15 V, as shown in Figure 1d. The greater T of this region reflects the 
electric field of the corresponding graphene region being stronger than that of the other regions12, 
which may have led to a high-field-induced doping effect in this left (or drain) side of the graphene 
on hBN. Furthermore, the Joule-heat-induced high T likely resulted in local annealing, which could 
have led to the additional local doping in the graphene. Such local doping leads to different Fermi 
energy levels along the graphene channel, as shown in the upper panel of Figure 2f with Vsd = 0 V, 
where the dashed line indicates the Fermi energy level. The portion of channel near the drain has 
less hole doping than that near the source, according to the observation of a newly appeared local 
resistance maximum in the R-Vbg curve located near Vbg ~ 0 V together with the maintenance of 
the original local resistance maximum at Vbg ~ 13 V (see Figure 3d). With the non-uniform carrier 
density profile along the graphene channel as an initial condition, applying a Vsd of −15 V led to a 
change in the Fermi level along the graphene channel, as shown in the lower panel in Figure 2f. 
Interestingly, in that case, the carrier density resided near the charge-neutral condition along the 
entire graphene channel, in contrast to the case for which a Vsd of 15 V was applied (see the lower 
panel of Figure 2f). This resulted in a relatively uniform and high resistance through the entire 
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channel, and thus a higher average experimentally determined T (solid circles in Figure 2d) than 
expected from the calculations (dashed horizontal line in Figure 2d). 
The analytical approach based on eq 1 assumed that the graphene channel was exposed to a 
uniform electric field or homogeneous power density. But, the electric field would be expected to 
vary along the channel under a high-Vsd regime due to the carrier density significantly varying 
along the channel (see the lower panel of Figure 2f). Thus, to reveal the genuine T profile of the 
graphene channel and the local field strength causing local doping at graphene on hBN, we per-
formed a numerical simulation based on the electro-thermal transport model. We numerically cal-
culated the T profile along the graphene and hBN by considering the local electric field 𝐹𝑥 as given 
by the equation 𝐹𝑥 = −𝑑𝑉𝑥/𝑑𝑥, where 𝑉𝑥 is the local voltage in the graphene channel with x = 
−L/2 ~ L/2 12. The local T (𝑇𝑥) along a channel of interest with a local power density per unit 
length 𝑝𝑥
′ , calculated using the equation 𝑝𝑥
′ = 𝐼𝐹𝑥, and a current I is given by the steady-state heat 
equation 
𝐴𝑘
𝑑2𝑇𝑥
d𝑥2
+ 𝑝𝑥
′ −
1
𝐿𝑅th
┴ (𝑇𝑥 − 𝑇0) = 0                                                   (2) 
, where A is the cross-sectional area of the heat channel, k is the in-plane thermal conductivity of 
the heat channel and 𝑅th
┴  is the thermal resistance from the material of interest to the heat sink. In 
the case of graphene, the 𝐹𝑥  was calculated by the drift velocity and mobility with local carrier 
density based on R-Vbg curves (with the calculation details provided elsewhere
12). Figures 3d and 
3e show R-Vbg curves (blue) after thermometry performed at Vsd = 15 V and 15 V, respectively. 
For the numerical calculations of T profiles, we used red curves of the fits to get mobility and Vg0 
in corresponding data. We also obtained the voltage (Vx) drop along the graphene by integrating 
Fx along the channel length. In this way, we calculated I-Vsd curves (solid curves), which are shown 
9 
along with the experimental data (scattered points) in Figure S6 in Supporting Information; the I-
Vsd curves were obtained while the bias voltage reached to Vsd = ±10 V and ±15 V.  
Figure 2a-d show the T profiles of graphene (dashed red curves) and hBN (solid red curves) 
obtained by carrying out simulations at Vsd = 10, −10, 15, and 15 V, respectively. In eq 2, we 
considered 𝑅th
┴ = 𝑅tot with k = kG (= 700 Wm
−1K−1) to calculate the T profile in the graphene 
channel on the hBN, where kG is the thermal conductivity of graphene
21 on hBN. Here, we used 
an RGB value of  1.35×10
−7 m2KW−1 for the calculations based on a recent report,9 although the 
value could be lowered by improving the quality of the graphene/hBN interface.10 The result 
showed a local T maximum (or hot spot) in the graphene channel for all conditions, where the 
location of the hot spot depended on the Vbg and Vsd conditions. For example, a hot spot was located 
at the drain when a Vsd of 15 V was used (see dashed curve in Figure 2c). The presence of a hot 
spot here was attributed to the local minimum in the hole carrier density at the drain in a hole-
doped region (see the lower panel of Figure 2f), resulting in a local maximum drift velocity (vdx) 
with a continuity equation for a current density of j = nxevdx, where nx and e are a local total carrier 
density and elementary change, respectively. This also led to a local maximum 𝐹𝑥 at the drain with 
the relationship vdx ~ Fx μ, accompanied by a local maximum power density and hot spot in that 
region. 
On the other hand, the experimentally obtained T profiles along the hBN (triangles or solid 
circles) in Figure 2a-d did not show such sharp hot spots as the T profiles calculated for graphene 
channel. This difference was related to the ratio between the heat dissipation rates through lateral 
and substrate directions. The length scale of the lateral heat dissipation is the lateral healing 
length, 𝐿H = 𝐿√𝑅th
┴ /𝑅‖, where 𝑅‖ [= (𝑘‖𝐴/𝐿)
−1
] is the in-plane thermal resistance of the mate-
rial of interest12. For the hBN with in-plane thermal conductivity22 𝑘BN
‖
 of 400 Wm−1K−1 and tBN 
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of 80 nm, we obtained an LH,BN (healing length of hBN layer) value of ~2.4 μm. Here, a total 
thermal resistance from hBN to a Si heat sink is given by 𝑅th,BN
┴ = 𝑅tot −
𝑅GB
𝐿𝑊
. In the case of the 
graphene, on the other hand, an LH,G value of ~ 0.3 μm was obtained for kG = 600-900 Wm−1K−1 
with a total thermal resistance from graphene to a heat sink of 𝑅th,G
┴ = 𝑅tot, resulting in relatively 
sharp hot spots as shown by the dashed lines in Figure 2a-d. For the numerical calculation of the 
T profile along the hBN, we used A = W × tBN as the cross-sectional area for the lateral heat flow. 
The heat flux density 𝑝𝑥
′  used for hBN was the same as that calculated from the graphene channel. 
The calculated T profiles along the hBN channel denoted by the solid red curves in Figure 2a-c 
showed good agreement with the experimental data for Vsd = 10, −10 and 15 V, respectively. 
At Vsd = −15 V, the experimentally obtained T profile of hBN deviated significantly from 
the calculation (solid red curve in Figure 2d) at the drain region but not at the source region. In the 
electro-thermal calculation, we assumed a uniform doping with a single local resistance maximum 
at Vg0 = 12 V (see the red curve in Figure 3e). However, the experimentally obtained R-Vbg curve 
(blue curve in Figure 3e) showed an additional local resistance maximum (vertical arrow) at Vbg ~ 
3 V, which indicated a local doping phenomenon. This local doping apparently resulted in another 
hot spot near the drain region, and hence led to T rising in the drain as much as at the source in the 
hBN, as shown in Figure 2d (solid circles). This result is consistent with the analytic analysis in 
the previous section. 
To determine the field-strength range causing the local doping, we plotted the electric-field 
strength (Fx) along the graphene channel when using a Vsd = 15 V (solid curve), as shown in Figure 
3f. The region indicated to be locally doped, i.e., corresponding to the relatively high-T region in 
the panel for Vsd = 15 V as shown in Figure 1d, is indicated by the double-headed arrow in Figure 
3f; the magnitude of Fx throughout this region was found to be greater than 0.4 V/μm. On the other 
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hand, we also observed two local resistance maxima in the R-Vbg curves after applying a Vsd of 10 
V, as shown in Figure 3b (blue curve). At Vsd = 10 V, the magnitude of the calculated electric field 
strength (dashed curve in Figure 3f) in the drain part was determined to be about ~0.35 V/μm. 
These results indicated an electric field strength of ~0.35 V/μm to be sufficient to produce local 
doping in graphene on hBN. In the case of graphene on SiO2, the local doping due to the electric 
field occured with higher fields of F > 2 V/μm 20 than that of graphene on hBN. While further 
study is needed to understand the difference between the activation electric field needed to induce 
a local doping in graphene on hBN and that in graphene on SiO2, a similar situation was also 
observed in photo-induced doping experiments, i.e., the charge-trap energy of ~2.6 eV was ob-
tained for SiO2,
23 larger than that for hBN (~2.3 eV).16 
To explore the heat dissipation at an extreme case near the graphene break-down T of ~ 
600 °C in air,24 we fabricated another graphene device on an 8-nm-thick hBN flake/290-nm-thick 
SiO2/Si substrate and having  L = 5 μm and W = 2 μm (top panel of Figure 4a), i.e., with an area 
an order of magnitude smaller than that of the device described in previous sections. For this 
smaller-area device, the Raman 2D peak of graphene was clearly observed through the entire chan-
nel (see Figure 4b and Supporting Information, Figure S7); thus, we successfully obtained the T 
maps of graphene and hBN simultaneously. The solid black circles in Figure 4b show E2g and 2D 
modes of hBN and graphene, respectively, which were taken without bias voltage from the location 
of the channel indicated by the laser beam in the top panel of Figure 4a. When a bias voltage (Vsd 
= 8.5 V) was applied, the E2g and 2D modes were shifted to lower energies (see solid red circles 
in Figure 4b). By following a T-calibration process, plots of T versus the E2g and 2D mode energies 
gave slopes SBN = −0.0341 cm−1/°C 25 and SGR = −0.0428 cm−1/°C, respectively (Supporting Infor-
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mation, section 3). Based on these SBN and SGR values and data in Figure 4b (solid curves: Lo-
rentzian fit results), we estimated the temperatures of graphene and hBN at the position indicated 
by the laser spot to be, respectively,  ~470 °C and ~180 °C when applying a Vsd of 8.5 V at T0 = 
24 °C. Based on this process, we mapped TGR and TBN at Vsd = 8.5 V, by scanning the laser beam 
over the entire device channel (see middle (graphene) and bottom (hBN) panels in Figure 4a). 
While the hBN showed gradual changes in T along the channel was changed, there was a rather 
marked change in T at the middle of the graphene channel. For further analysis, we plotted T pro-
files for the graphene (squares) and hBN (circles) channels in Figure 4c, where the error bars reflect 
the variation in T along the channel width at a given x location. The steep change in T of graphene 
occurred between x = −1 μm and x = 0 μm, as indicated by grey squares; this marked change in T 
was attributed to a local doping effect as discussed below.  
In Figure 4d, the resistance changed in some regions during the course of the Raman scan-
ning for hBN and graphene, and these change were attributed to changes in Vg0 during the scanning 
process (Supporting Information, Figure S8). Note that the resistance did not change with consid-
erable time periods with two resistance values of ~6.3 kΩ and ~7.5 kΩ, respectively, marked (i) 
and (ii). These resistance levels are denoted by red and green points in the figure, respectively. The 
resistance changed with time between these regions (denoted by the grey points). The red, grey 
and green squares in Figure 4c for the graphene were obtained in the same colored-graphene time 
zones in Figure 4d, respectively. The region scanned during the time period in which the resistance 
increased with time (grey points after ~0.5 hour in the graphene scanning region in Figure 4d) 
coincided with a region showing a steep change in T with change in position (grey squares between 
x ~ -1 μm and x ~ 0.5 μm for the graphene channel in Figure 4c). An I-Vsd curve (scattered green 
dots in Figure 4e) was obtained as soon as finishing the Raman scanning. It indicated a resistance 
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of ~7.5 kΩ at Vsd = 8.5 V, consistent with region (ii). The solid green curve at 0 μm < x < 2.5 μm 
for the TGR profile in Figure 4c is a calculation result at Vsd = 8.5 V with the solid green I-Vsd curve 
in Figure 4e. The calculation results are consistent with experimental data. Here, the charge-neutral 
voltage Vg0 was located at 5.6 V for region (ii) (see dashed green curve in Supporting Information, 
Figure S8b).  
On the other hand, when the scanning was started from the drain region, the resistance of the 
graphene was included in region (i) as shown in Figure 4d. This condition gave the TGR profile for 
−2.5 μm < x < −1 μm (red squares) in Figure 4c. To calculate the TGR profile for region (i), we first 
plotted its calculated I-Vsd curve (as shown by a solid red curve in Figure 4e), from which we 
derived an R of ~6.3 kΩ at Vsd = 8.5 V. Here, Vg0 was determined to be 10.6 V for the calculation, 
in contrast to the 5.6 V value determined for the case of region (ii) (see a dashed red curve in 
Supporting Information, Figure S8b). This change in Vg0 perhaps resulted from the high-field-
induced doping effect, since the local field strength was already greater than 1 V/μm through the 
entire channel. The calculation taking into account the doping effect yielded results found to be in 
good agreement with the experimental TGR profile for −2.5 μm < x < −1 μm (solid red curve in 
Figure 4c). From region (i) to region (ii), i.e., from x = −1 to 0.5 μm, TGR was observed to decrease 
from ~450 °C to ~350 °C (Figure 4c), due to a doping effect. This result indicated the energy 
dissipation in the graphene channel to be strongly affected by a doping effect near the graphene 
break-down T. We also calculated the TBN profile (circles: experiment; red and green curves on 
hBN data: calculations in Figure 4c), by considering the change in resistance between regions (i) 
and (ii) in Figure 4d.  
Note that R = 5.5 kΩ at the initial state in Figure 4d quickly changed to the region (i) as soon 
as the Raman scanning was started. The experimentally determined I-Vsd curve (orange dots) was 
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obtained for bias conditions up to Vsd = 8.5 V before the scanning. We calculated an I-Vsd curve (a 
dashed orange curve in Figure 4e) and TGR profile (a dashed orange curve in Figure 4c) at this 
condition, and the TGR nearly reached ~600 °C. Fortunately, the resistance quickly increased and 
reached the region (i) before the graphene channel disintegrated. Changing the bias polarity from 
8.5 V to −8.5 V left the sample resistance at ~5.5 kΩ (Supporting Information, Figure S9). At this 
condition, however, a doping effect did not occur and the graphene channel finally disintegrated 
in 50 sec. The AFM image of Figure 4a was obtained after the break-down event with Vsd = −8.5 
V, and showed a graphene-broken region near the source. During the calculation, TBR values 
between graphene and hBN in the range of (1 - 2) ×10-7 m2KW-1 were obtained for T = 100 - 
600 °C, consistent with values previously obtained at a T of ~ 100 °C 9. We also plotted the TGR 
calculated with RGB = 2 × 10−8 m2KW−1 (dashed grey curve in Figure 4c) with the condition of 
region (ii); this RGB value is the lowest RGB value measured by experiment so far to the best of our 
knowledge10. We found that a reduction of the TBR by one order of magnitude resulted in a re-
duction of the local Joule heating effect by a factor of 1.3 at the same power. 
 
Conclusions 
We performed in situ Raman thermometry of the graphene and hBN in graphene/hBN 2D 
heterostructure devices, and these results together with consideration of an electro-thermal 
transport model indicated that a strong electric field induced local doping and hence significantly 
affected how energy was dissipated in these devices. The thermal boundary resistance between 
graphene and hBN was determined to be in the range (1 - 2)×10-7 m2KW-1 from 100 °C up to the 
graphene break-down T of 600 °C in air. Although the estimated thermal boundary resistance was 
found to be an order of magnitude higher than that recently measured,10 using a high-quality 2D 
15 
material/hBN interface is nevertheless essential for realizing efficient heat management in future 
heterostructure 2D electronics, as shown by our electro-thermal transport model. We expect our 
Raman thermometry of hBN to be easily extended to various 2D vdW heterostructure devices 
based on TMDC materials and black phosphorous, which we expect to provide useful information 
for the design of energy-efficient 2D heterostructure devices. 
 
Methods 
The in situ Raman measurements were taken using a backscattering geometry. Incident light 
from an He-Ne laser with a wavelength of 632.8 nm was focused on the graphene/hBN FET chan-
nel surface through an optical microscope objective lens (50 / 0.55NA). Scattered light was dis-
persed through a spectrometer equipped with a 1200-groove/mm grating and detected using a ther-
moelectrically cooled charge-coupled device detector. For the spatially resolved Raman measure-
ments, the sample was placed on a computer-controlled piezoelectric stage that was moved over 
the entire transport channel in either 0.5 or 1 m intervals. The data for each map were acquired 
over the course of about two hours. For the T-dependent Raman measurements, the sample was 
placed on a heating plate. 
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Figure 1. (a) Schematic of the measurement configuration in a laser scanning mode. (b) Optical micro-
scope image of a graphene field-effect transistor (L = 26 μm and W = 6 μm) on an hBN/SiO2/Si substrate. 
The dashed lines indicate the boundary of the graphene channel. The scale bar is 10 μm. (c) Raman spec-
tra with the hBN E2g peaks at Vsd = 0, 10, -10, 15 and −15 V, which were taken at the middle region of the 
channel. Red curves are the Lorentzian fits. The vertical dashed line indicates the location of the peak at 
zero bias. (d) TBN maps underneath the graphene channel for various Vsd values. The left and right ends 
are the drain (D) and source (S), respectively. 
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Figure 2. (a)-(d) TBN profiles (triangles or solid circles) along the hBN, where T at an x-position was aver-
aged through the channel width in Figure 1d. The two vertical lines indicate the boundaries of the gra-
phene along the length of the graphene channel. Horizontal dashed lines are analytically calculated TBN 
based on the simple model shown in panel (e). Dashed and solid curves indicate the temperatures of, re-
spectively, graphene and hBN numerically calculated based on our electro-thermal transport model. (e) 
Schematic of the thermal model used to analytically calculate the temperatures of graphene and hBN with 
a given power and thermal environment information. (f) Schematic of the energy bands (solid lines) and 
Fermi energy levels (dashed lines) along the graphene channel. The upper panel shows a non-uniform car-
rier doping along the graphene channel due to the local doping without biasing, after applying a Vsd of 15 
V. The lower panel shows the shift of the Fermi level along the graphene channel for Vsd = ±15 V. 
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Figure 3. (a)-(e) R-Vbg curves (blue curves) obtained following the experimental procedure after biasing 
various values of Vsd, where arrows indicate the sweep direction for the double sweeps. Red curves in (b)-
(e) are the results of fitting to get mobility. These curves were used to calculate the T profiles of the corre-
sponding conditions shown in Figure 2a-d. To simplify the calculation of the R-Vbg curve for a Vsd of 15 V 
(d), we considered the fit result (red curve), which showed a charge-neutral voltage between the two ob-
served local resistance maxima with a similar slope to them. The green arrow in (e) shows an additional 
local maximum resistance due to a local doping, which was already formed in the previous scanning pro-
cess with Vsd = 15 V. (f) Calculated electric-field profiles of the graphene channel for Vsd = 10 V (dashed 
curve) and 15 V (solid curve), where the region spanned by the double-headed arrow is that for which lo-
cal doping was expected under a Vsd of 15 V. 
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Figure 4. (a) Top: AFM image of the device and a schematic of the laser beam. Scale bar: 1 μm. Middle 
and bottom: T maps of graphene and hBN channels at Vsd = 8.5 V. The step size for the scanning was 0.5 
μm. (b) Raman spectra taken from the region of the device indicated by the laser in (a) and showing the 
hBN-E2g and graphene-2D peaks when using a Vsd of 0 (solid black circles) and 8.5 V (solid red circles). 
Black and red curves are the Lorentzian fits for Vsd = 0 and 8.5 V, respectively. (c) Squares and circles: T 
profiles of graphene and hBN channels at Vsd = 8.5 V, respectively, which were obtained from the corre-
sponding T maps in (a). Here, the red, green and grey shapes correspond to temperatures obtained from 
regions (i) and (ii), and the region between them in (d), respectively. The solid red and green curves are 
results of calculations with the conditions of regions (i) and (ii) , respectively. The dashed orange curve is 
the result of the calculation with an initial condition of R = 5.5 kΩ at Vsd = 8.5 V together with the condi-
tions of region (i). The dashed grey curve was obtained with RGB = 2 ×10−8 m2KW−1 together with the 
conditions of region (ii). (d) Resistance as a function of Raman thermometry scanning time values with a 
Vsd of 8.5 V. (e) Scattered orange points: I-Vsd curve for Vsd values up to 8.5 V applied for the thermome-
try. Scattered green points: I-Vsd curve just after the thermometry, and corresponding to region (ii) in (d). 
Red curve: I-Vsd curve satisfying the condition R = 6.3 kΩ at Vsd = 8.5 V and corresponding to region (i) 
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in (d). Solid green and dashed orange curves: calculated fits to the corresponding experimentally derived 
I-Vsd curves. 
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Supporting Information 
 
Energy dissipation mechanism revealed by spatially resolved Ra-
man thermometry of graphene/hexagonal boron nitride heterostruc-
ture devices 
 
Daehee Kim, Hanul Kim, Wan Soo Yun, Kenji Watanabe, Takashi Taniguchi, Heesuk Rho and 
Myung-Ho Bae 
 
Section 1. Characterization of a graphene device on hBN with L = 26 μm 
Figure S1. (a) AFM amplitude image of the graphene on hBN. (b) The height profile along the 
white line of the inset, which corresponds to a height topography of the region indicated by an 
arrow in (a). The thickness of the hBN is ~80 nm. 
 
Figure S2a shows a slightly hysteretic resistance as a function of Vbg (R-Vbg curve, scattered 
green dots) in an ambient condition with a charge neutral gate-voltage, V0 ~ 13 V. The dashed 
curve is a calculation result with a relation of 𝑅 = 𝑅s + 𝜌𝑔𝐿/𝑊. Here, Rs (= 0.95 kΩ) is the se-
rial resistance including two contact resistance, 𝜌𝑔 the sheet resistivity of the graphene, and L (= 
26 μm) and W (= 6 μm) the length and width of the graphene device, respectively. The 𝜌𝑔 is 
given by [𝑞𝜇(𝑛 + 𝑝)]−1, where q is the elementary charge, μ is the low-field mobility and n (p) 
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is the electron (hole) density. The charge density is determined by the gate-induced and ther-
mally excited carriers including the puddle density1. We obtained μ ~ 7000 cm2V−1s−1 for the 
hole-doped region. In the calculation process, we used the puddle density (npd) as 9×10
10 cm−2. 
On the other hand, when the same sample was placed in a vacuum chamber at a pressure of 
~10−5 Torr for two days, we obtained μ ~ 13000 cm2V−1s−1 for both doped regions, npd < 3×1010 
cm−2 and V0 ~ 0.7 V at room T (see Figs. S2b-S2d in the Supporting Information). This indi-
cates that a graphene on hBN is seriously affected by water molecules in the air, resulting in 
movement of the V0 with increasing npd and finally leading to a reduction in mobility. Although 
such environmental effect could not be avoided while the Raman thermometry was performed in 
the ambient condition, we found that the mobility was not significantly changed from ~7000 
cm2V−1s−1 during measurements.  
 
Figure S2. (a) R-Vbg curve (scattered points) and fit-result (dashed curve) in air. Arrows indicate 
the gate sweep directions. R-Vbg curves (b) as soon as reach to a pressure of 10
−5 Torr, (c) after 
two hours in the vacuum and (d) after two days in the vacuum. The dashed curve in (d) is a fit-
result to estimate the mobility. 
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Figure S3. (a) Raman spectrum of the device for the E2g and G peaks of hBN and graphene, 
respectively, which was obtained from the middle of the graphene channel in Fig. 1b in the main 
text. (b) 2D peaks of graphene, which were obtained by scanning from source (top spectrum) to 
drain (bottom spectrum) direction with a 1 μm step at the middle in the width direction.  
Figure S3(a) shows a Raman spectrum at the middle of the graphene channel in Figure 1b, 
which reveals the E2g phonon mode of hBN at ~1366.6 cm
−1 and the G peak of graphene at 
~1583.5cm−1. Figure S3(b) also shows observable 2D peaks of the graphene by scanning from 
the source to drain. Unfortunately, the intensities of the G and 2D peaks were not sufficiently de-
veloped to define the energy values through the graphene channel. Nevertheless, We should note 
that The G peak of graphene is sensitive to the charge doping for n > 2×1012 cm−2 as well as T 
2,3, which could limit its application as a thermometer because the carrier concentration along the 
channel is usually changed when the Fermi level changes along the channel under high-bias con-
dition1. In addition, it has been known that the T-dependence of G peak is not linear in a T-range 
of 20-160 °C 4, which is a range of interest in this study for a 26 μm long graphene device. 
Meanwhile, such carrier doping effect in the hBN can be excluded due to its insulating character, 
thus, the energy shift of the E2g mode of hBN layer under high bias will provide genuine T-sensi-
tive information of the device. For the 2D peak5, although it has a carrier concentration depend-
ence, it shows an insensitive region for n < 1013 cm−2. Although it was hard to get distinct gra-
phene Raman peaks for the graphene device with L = 26 μm, we successfully got the G and 2D 
peaks for the device with L = 5 μm, thus, we obtained the temperature maps of graphene and 
hBN by the 2D and E2g peaks, respectively, as shown in Fig. 4 in the main text.  
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Section 2. Temperature calibration, photo-induced doping effect and Raman thermometry 
for the L = 26 μm graphene device 
The scattered points in Figure S4a show the energy of the E2g peak of the hBN as a function of T 
using the excitation wavelength of 633 nm (red light)6,7. The T dependence of the E2g phonon 
energy of hBN was determined by heating the graphene/hBN FET device on a hot plate. The en-
ergy of the E2g peak decreased with increasing T, which was due to an increase of the anharmonic 
effect of phonons with T 8. The slope of the curve was SBN = −0.0218 cm−1/°C. During the Raman 
thermometry measurements, the excitation laser power was maintained at less than 1 mW, which 
corresponded to a power density of approximately 0.6  108 mWcm−2. Heating effects on the sam-
ple due to laser absorption were not observed. We note that the graphene/hBN heterostructure is 
sensitive to the photo-induced doping effect, which occurs when optical irradiation excites elec-
trons from donor defects in the hBN.9 We demonstrated the photo-induced doping effect with a 
633 nm-wavelength laser, as shown in Figure S4b. In the beginning, the level of R of the graphene 
FET was 6.90-7.05 kΩ at zero Vbg. Although the laser power was turned on the graphene channel, 
a noticeable change in the level of R was not observed. In the case of a 514 nm-wavelength (green) 
laser, however, the photo-induced doping effect apparently changed the resistance of the graphene 
while SBN shows a similar value to that for the red laser (see Figures S4c and S4d). A previous 
work showed that the photo-induced doping effect for the graphene on hBN became significant 
when the photon energy was larger than ~2.3 eV.9 Because the photon energies of the green and 
red lasers are 2.41 and 1.96 eV, respectively, our observations are consistent with the previous 
report on the photo-induced doping effect. The photo-induced doping effect will induce locally 
different doping regions along the examined graphene layer during Raman thermometry, which 
alters the heat dissipation role. Thus, for the Raman thermometry we adopted a red laser, which 
was relatively insensitive to the photo-induced doping effect on the graphene/hBN heterostructure. 
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Figure S4. (a) Peak-energy change in the E2g mode of hBN as a function of temperature (scattered 
points) with a 633 nm-wavelength (red) laser, where the dashed line is a linear fit result with a 
slope of SBN = −0.0218 cm−1/°C. (b) Resistance change of the graphene as a function of time with 
and without laser irradiation on the graphene channel. (c) Peak-energy change in the E2g mode of 
hBN as a function of temperature (scattered points) with a 514 nm-wavelength (green) laser, where 
the dashed line is a linear fit result with a slope of SBN = 0.023 cm−1/oC. (d) Resistance (R) changes 
of the graphene as a function of time without and with laser irradiation on the graphene channel. 
The R of the graphene FET was measured while the stage moved from the electrode to the graphene 
region with respect to the laser spot. In the beginning, R of the graphene FET is constant at 5.7 kΩ. 
When the laser power is turned on in the electrode area, the R begins to increase. As soon as the 
laser spot enters the graphene region, the R abruptly increases and the increasing rate is reduced 
with time. When the laser is turned off at 300 sec, the R keeps a nearly constant value. 
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Figure S5. E2g-energy maps of the hBN underneath the graphene channel for various Vsd values. 
The left and right ends are drain and source, respectively. The top panel shows the E2g-energy 
map of the hBN without bias voltage. Slight fluctuations in the E2g peak energies (< 0.2 cm
−1) 
over the mapping images could be attributed mainly to variations in the local strain in the hBN. 
To get a T-map of the hBN layer under bias, the E2g energy at each pixel without bias voltage at 
T0 = 22.4 °C was used as a reference value and subtracted from the E2g energy at the correspond-
ing pixel under bias. Panels from the second one to the bottom show the E2g-energy maps of the 
hBN underneath the graphene channel at Vsd = 10, −10, 15 and −15 V, respectively. With in-
creasing Vsd, the downshift of the E2g energy is distinguishable through the entire hBN. The E2g-
energy and temperature maps at the same Vsd of Fig. 1d in the main panel show a slightly differ-
ent distribution because the temperature at a pixel at a given Vsd was obtained by a difference of 
the E2g energies of zero and examined biases at the corresponding pixel. 
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Figure S6. (a) and (b) Current vs. Vsd (I-Vsd) curves to perform the hBN thermometry, where the 
Raman scans were taken under the final voltage conditions with procedures of Vsd = 10, −10, 15, 
and −15 V. Scattered and solid curves indicate the experimental and calculated results, respec-
tively. 
 
Section 3. Raman thermometry for L = 5 μm graphene device 
Figure S7. Peak-energy changes in (a) E2g mode of hBN, (b) 2D mode and (c) G mode of gra-
phene as a function of temperature (scattered points), where dashed lines in (a) and (b) are linear 
fit results with a slope of SBN = −0.0341 cm−1/°C and SGR = −0.0428 cm−1/°C, respectively. For 
the G mode of graphene in (c), it is hard to find a temperature dependence, thus the G mode was 
not suitable for the Raman thermometry in our case. 
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Figure S8. (a) R-Vbg curves before and after Raman scanning at Vsd = 8.5 V, which shows a shift 
of the charge neutral voltage (V0) after the scanning. (b) Calculation results to perform the elec-
tro-thermal calculations. In the calculation process, rather different V0 were used to get a better 
agreement with experiments. Here, mobility was μ ~ 10,000 cm2V−1s−1. 
 
 
Figure S9. (a) I-Vsd curve of L = 5 μm device for negative biases. (b) After reaching Vsd = −8.5 V 
and I = −1.56 mA, it shows a breaking-down event in 50 sec. The top image of Fig. 4a in the 
main text is an AFM image after breaking-down event. It shows a broken-graphene region near 
source where a hot spot is located with a negative Vsd value in a hole-doped region. 
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